We report the observation of a giant magnetoresistance effect in a low-temperature ͑LT-͒GaAs/ MnAs nanoscale ferromagnet hybrid structure. The MnAs nanomagnets are formed by ion implantation of Mn into LT GaAs and subsequent annealing. We have studied the magnetotransport using a vertically biased p ϩ -GaAs/LT-GaAs:MnAs/ p ϩ -GaAs structure. A negative magnetoresistance (⌬/ϭ͓(B)Ϫ(0)͔/(0)) of up to Ϫ80% (Bϭ7 T) is observed at low temperatures (TϽ20 K), which changes its sign from negative to positive between Tϭ15 K and Tϭ20 K. The value of the positive magnetoresistance decreases with increasing temperature from ϩ115% ͑20 K͒ to ϩ1.4% ͑300 K͒. The magnetoresistance variations with B and T are correlated with the nanomagnet spacing in the structure.
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The study of hybrid semiconductor ferromagnet structures based on III-V compounds have gained momentum due to their possible application in new semiconductor devices such as magnetic-field sensors, magneto-optical devices, and memories. Molecular beam epitaxy ͑MBE͒ grown diluted magnetic semiconductors like In 1Ϫx Mn x As and Ga 1Ϫx Mn x As (xϭ0 -0.09) have been the subject of many recent publications [1] [2] [3] [4] with an emphasis on magnetotransport and magneto-optical properties. For large values of x ͑e.g., xр0.06͒, MnAs-like clusters may be formed during annealing of Ga 1Ϫx Mn x As. 5 In a different approach, the formation of nanoscale ferromagnetic MnGa and MnAs crystallites using Mn ϩ ion implantation into GaAs or LT GaAs (LTϭlow temperature͒ and subsequent annealing has recently been demonstrated. 6, 7 In this letter we present the observation of a giant magnetoresistance effect in the hybrid semiconductor nanomagnet system: LT-GaAs:MnAs using the ion implantation processing technology.
The magnetotransport characteristics have been studied using a vertically biased p ϩ -GaAs/LT-GaAs/ p ϩ -GaAs structure grown by MBE ͑see the inset of Fig. 1͒ . On top of a semi-insulating ͑100͒ GaAs substrate we have deposited 44 periods of a GaAs/AlAs superlattice ͑2 nm/2 nm͒ followed by 500 nm of p ϩ -GaAs (T growth ϭ630°C, pϭ5ϫ10 . After rapid thermal annealing at 750°C in a forming gas atmosphere, nanosize MnAs crystallites are formed in the LT-GaAs layer about 150 nm below the sample surface. 7 The samples were capped with a silicon nitride layer ͑100 nm͒ to prevent the evaporation of As during heat treatment. Mesa structures of p ϩ -GaAs/LT-GaAs/ p ϩ -GaAs have been chemically etched and magnetotransport measurements were carried out on 2, 10, 90, or 100 devices in series. Thermally evaporated Au/Zn/Au layers ͑10 nm/10 nm/200 nm͒ annealed at 420°C ͑30 s͒ were used as Ohmic contacts to the p ϩ -GaAs. Magnetotransport measurements were performed in a He cryostat with a variable temperature insert (T ϭ2 -300 K) and a superconducting magnet (B max ϭ8 T). We have studied three samples. Samples A and B were Mn implanted and annealed at 750°C for 180 and 5 s, respectively. Sample A contains a low density (Ϸ10 9 cm
Ϫ2
) of large MnAs nanomagnets (dϷ50 nm) while sample B contains a high density (Ϸ10 10 cm
) of small MnAs nanomagnets (dϷ10 nm) imbedded in the LT-GaAs layer. 7 The mean MnAs crystallite diameter was obtained in transmission electron microscope micrographs. Sample C was a control sample without Mn implantation, and was annealed at 750°C ͑180 s͒. Figure 1 shows the current-voltage characteristics of sample A. In this case 90 devices have been measured in series. At low temperatures (Tϭ5 K) rectifying behavior dominates, which is typical for p-doped/intrinsic/p-doped (p -i -p) structures. The rectifying properties disappear at higher temperature because the thermal activation of holes , annealed at 750°C ͑180 s͔͒. The inset illustrates the vertical biased p ϩ -GaAs/LT-GaAs/p ϩ -GaAs structure containing nanosize MnAs ferromagnets in the LT-GaAs layer.
APPLIED PHYSICS LETTERS VOLUME 73, NUMBER 22 30 NOVEMBER 1998 from the deep acceptor manganese into the valence band of the ion implanted LT-GaAs layer takes over. At room temperature ͑300 K͒ Ohmic behavior dominates. Figure 2 shows for various temperatures the magnetotransport properties of sample A. The magnetoresistance is defined as ⌬/ϭ͓(B)Ϫ(0)͔/(0) with being the resistivity in ͑⍀ cm͒. A giant negative magnetoresistive effect is observed at low temperatures (Tϭ5 K): ⌬/ϭϪ3.4% (Bϭ0.5 T) and ⌬/ϭϪ80% (Bϭ7 T). Between T ϭ12 K and Tϭ16 K a positive magnetoresistance occurs and reaches its maximum value at Tϭ20 K: ⌬/ϭϩ5% (Bϭ0.5 T) and ⌬/ϭϩ115% (Bϭ7 T). Above Tϭ20 K the value of the positive magnetoresistance decreases with increasing temperature to about 1.4% at Tϭ300 K. Experiments with the B field applied parallel to the sample surface but in opposite direction reproduce the magnetoresistance data of Fig. 2 . Measurements carried out with the B field applied perpendicular to the sample surface instead of parallel also give qualitatively the same results as shown in Fig. 2 ͑summarized in Table I͒. A characteristic feature of the observed magnetoresistance effect is that the sign of ⌬/ is correlated with the E field applied across the vertical transport sample for T р20 K ͑above Tϭ20 K the sign of ⌬/ is always positive͒. The magnetoresistance gradually changes its sign from negative to positive at Tϭ16 K ͑Fig. 3͒ as the E field decreases from 8600 to 1600 V/cm. It should be pointed out that due to the diode characteristics of our device ͑Fig. 1͒ an initial E field has to be applied to inject charge carriers into the LTGaAs layer. An exponential fit of the I(V) curve revealed an initial E field of 1200 V/cm at Tϭ16 K.
Sample B, containing 10 nm MnAs nanomagnets, shows the same behavior as sample A, containing 50 nm MnAs nanomagnets. However, the observed effects of ⌬/ are only in the order of 1% for sample B versus 100% for sample A ͑Table I͒. The control sample C with no MnAs nanomagnets imbedded in the LT-GaAs layer shows a small positive magnetoresistance ⌬/ in the order of 1%, which is attributed to the well-known geometrical magnetoresistance effect in semiconductors ͑Table I͒.
Magnetotransport models proposed for diluted Mn x Ga 1Ϫx As semiconductors (xϭ3% -9%) ͑Refs. 2 and 4͒ are unlikely to be applicable to our system. These models assume a ferromagnetic ordering of the Mn spins (Mn Ga ) mediated by an antiferromagnetic Mn-hole exchange interaction. In our case the concentration of residual Mn ions on the lattice site (Mn Ga ) is estimated to be Х10
19 cm Ϫ3 and, therefore, more than one order of magnitude less than in the case of diluted semiconductors. Thus, our system is too diluted for a hole mediated exchange interaction of the Mn ions.
Spin-dependent scattering of the charge carriers 8 at the semiconductor-ferromagnet interface, similar to that found in the granular metallic Co-Cu system, 9 is also not believed to be dominant in our samples. Such an effect would favor sample B containing a high density (10 10 cm
) of 10 nm MnAs nanomagnets, because the spin information has to be carried from one MnAs nanomagnet to the next in order to cause a resistance change due to spin-polarized scattering of the charge carriers at the semiconductor-nanomagnet interface. The data summarized in Table I clearly show that the magnetoresistance effect is significantly larger for sample A containing a low density ( ␦/ at 0.5 T magnets. Therefore, we conclude that spin-dependent scattering cannot explain the observed magnetoresistance effects.
The comparison of sample A, sample B, and control sample C ͑Table I͒ demonstrates that the observed effects are caused by the MnAs nanosize ferromagnets and that the value of ⌬/ scales with the size of the nanomagnets. In the simplified approach of a single-domain particle, the B field associated with a nanomagnet is given by a dipole field distribution and is proportional to the magnetic moment M of the MnAs nanomagnet. M is given by M ϭN Mn B g where N Mn , B , and g are the number of Mn ions that contribute to the nanomagnet, the Bohr magneton, and the Landé factor, respectively. Therefore, if the magnetoresistance ⌬/ scales with the nanomagnet size, it also scales with the magneticfield strength induced by the nanomagnets. Elastic and inelastic scattering of the charge carriers by the nanomagnet dipole field could be related to the observed magnetoresistance effects.
Additional evidence for this scattering mechanism is provided by zero B-field electrical measurements. Below T ϭ20 K (Bϭ0 T) the resistivity of samples A, B, and C levels off at different values ͑Table I͒. Remarkably, the resistivity is strongly increased in the presence of MnAs nanomagnets. Sample B, containing 10 nm MnAs nanomagnets shows double the resistivity of control sample C without MnAs nanomagnets ͑6.1 M⍀ cm vs 2.9 M⍀ cm͒. Even more striking, the resistivity of sample A containing 50 nm MnAs nanomagnets is 140 M⍀ cm vs 2.9 M⍀ cm for control sample C. We relate this enormous increase in resistivity to the increased path of the charge carriers through the device structure, caused by the scattering by the nanomagnet dipole field.
The underlying physical effects of the observed negative magnetoresistance turn out to be rather complicated. However, we will discuss a simplified semiclassical model which could give further insight. In this model at large applied magnetic fields (BϾ2 -3 T) and low temperatures (T р20 K) the charge carriers would be forced on cyclotron orbits that are smaller than the average distance of the MnAs nanomagnets. The charge carriers would drift through the LT-GaAs:MnAs layer without interacting with the MnAs nanomagnets, giving rise to a negative magnetoresistance. The cyclotron orbit is given by R c ϭv h / c and c ϭeB/m h v h is the hole velocity and m h and e are the electron charge and the effective hole mass (m h ϭ0.5m e ; m e ϭelectron mass͒, respectively. Due to implantation induced shortcut channels through the substrate we were not able to perform Hall measurements in a lateral device structure in order to determine the hole mobility h and, hence, v h . Therefore, we will assume that v h is approximately given by the saturation of the hole drift velocity v d . Dalal et al. 10 have reported that a hole saturation velocity in p-doped GaAs of 1.7ϫ10 7 cm/s for TϽ100 K. The measured hole drift velocity v d was 1 ϫ10 7 cm/s at an E field of Eϭ10 4 V/cm and Tϭ135 K. In the present samples, the implanted and annealed LT GaAs, which contains 10 9 cm Ϫ2 dislocations, we will also assume a similar hole drift velocity at Tр20 K. For v h ϭ1 ϫ10 7 V/cm and Bϭ3 T, we find R c ϭ140 nm, indicating that the cyclotron orbit would be indeed smaller than the average distance of the MnAs nanomagnets of 300 nm. In addition, the E-field-dependent magnetotransport data of sample A ͑Fig. 3͒ support the existence of a transport regime at large E fields, where the hole mean-free-path length is large enough to force the charge carriers on cyclotron orbits. Increasing the electrical field above Ϸ5000 V/cm ͑at this E field the magnetoresistance changes from a positive to a negative sign͒ implies an increase of the hole mean-free-path length l h to Ͼ300 nm, which is the average distance of the MnAs nanomagnets. The latter argument, the E-field dependent increase of l h , holds only if v h is not in saturation at EϽ5000 V/cm.
Above Tϭ20 K, independent of the applied E field, a positive magnetoresistance is always observed. The temperature dependence of the IV characteristics of sample A ͑Fig. 1͒ shows a decrease of the rectifying behavior above T ϭ20 K, indicating an onset of the thermal activation of holes from the deep acceptor Mn into the valence band, causing a decrease of the mean-free-path length due charge carrier scattering by ionized Mn impurities. Above Tϭ20 K the positive magnetoresistance can be related to the well-known geometrical magnetoresistance effect. In the absence of a Hall-field, ⌬/ is given by ( h B) 2 with h ϭv d E. With the data given by Dalal et al. 10 (v d ϭ1ϫ10 7 cm/s at E ϭ10 4 V/cm͒, ⌬/ is approximately ϩ50% at Bϭ7 T. The latter value for ⌬/ coincides pretty well with our measurements in Fig. 2 : ⌬/(20 K)ϭϩ100% and ⌬/(25 K)ϭ ϩ50%. However, below Tϭ20 K the negative magnetoresistance due to a decreased interaction of the charge carriers with the MnAs nanomagnets is believed to overcompensate the contribution of the positive geometrical magnetoresistance effect.
To clarify whether the semiclassical approach as suggested above is capable of explaining the giant magnetoresistance effect in our samples, a semiclassical calculation for various charge carriers trajectories through the LT-GaAs layer containing the MnAs nanomagnets would be helpful. This work has been supported by AFOSR/PRET, Center for Non Stochiometric Semiconductors ͑Grant No. 49620-95-1-0394͒, the Spanish Ministry of Education ͑J.M.G.͒, and the Deutsche Forschungsgemeinschaft ͑P.J.W.͒.
